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1Ve report on the first statistically significant observation of the vector meson Cabihho 

suppressed semileptonic decay D+ - Q’~+v. We measure the branching ratio of the 

decay mode D+ - _o’p+v \vith respect to the decay mode D+ - Fsop+v to he 

ER (D+ 
-eoclty) ER (D+-TOp+v) = 0.079 k 0.019 (stat) f 0.013 (syst) . Data Lvere collected by 

Fermilab photoproduction experiment E687. 



There continue to be few experimental dat,a on C’abibho suppressed charm 

semileptonic decays. Evidence for the scalar decays Do t ~;-l+u and D+ --f ;7’1+v 

has been reported by the E687 [l]. CLEO [3][3] and \I.ARI< III [A] collaborations. 

1,-p to now, the only evidence of Cahibbo suppressed vector meson decay was re- 

ported h; the E65.3 [.?I collaboration. which observed a signal of -l.O!~:~ f 1.3 events 

in the decay mode D+ + o”/l+v and measured the branching ratio RR (D+q’p+v) 

BR (D+-??“.+., 

= 0.043+~:$~ f 0.014 [6]. If-hen large statistical samples become available. Cahibho 

suppressed semileptonic decays will be used to compare the structure of the hadronic 

current to the Cabibbo favored case. Also. if the theoretical knowledge of the hadronic 

form factors is improved, such decays will present the best tool to measure the C’K11 

matrix element I&J. In this paper we report on the observation of the Cabibho 

suppressed vector meson semileptonic decay D+ + ,o”pc+v. in data collected by ex- 

periment E687. 

E687 is a high energy photoproduction experiment at the Fermi National .A<:- 

celerator Laboratory whose goal is the study of charm particle physics. The E68’T 

beamline and spectrometer are described in detail elsewhere [‘i1[81. Briefly. charm 

particles were produced by a photon beam of average tagged energy - 220 GtL* 

interacting on a - 4 cm Beryllium target. The charged products of the charm de- 

cays were tracked through twelve planes of silicon microstrip detectors (organized 

in four stations) and twenty planes of multi-wire proportional chambers (grouped in 

five stations). Charged particle momentum was determined from the track bending 

in the fields of two large magnets operated with opposite polarities. Charged parti- 

cle identification was provided by a system of three Cerenkov detectors working in 

threshold mode. Muons were detected in the downstream end of the spectrometer 

by a system of three scintillator arrays and four proportional tube planes: shielding 

was provided by the upstream detectors (mainly the inner electromagnetic and the 



hadronic calorimeters) and two blocks of steel. This analysis is based on the full data 

sample collected during the 1990 and 1991 Fermilab fixed target runs. 

\ie reconstructed decay candidates of the form D+ + 1~’ 11~ v. h’ + h-h’. 

where h’ is a resonant vector meson decaying into two bodies: r-“(m) + K-T+ 

or ~‘(770) + r-i;+ (throughout this paper. charged conjugate states are implicitl) 

assumed). ,4 combination of three charged tracks of the form (h-h+)p+ was selected 

and required to originate from a common point in space (the D+ decay vertex) with 

a confidence level greater than 1Y. The muon candidate ,L)+ was required to be iden- 

tified by the muon detector and was not compatible with being either a kaon or a 

proton in the cerenkov counters. The opposite-sign hadron h- was required to he 

identified as kaon definite or kaon/proton ambiguous for D+ + r”p+v candidates. 

and as pion definite or pion/electron ambiguous for D+ + n”p’v candidates [!I]. 

The like-sign hadron hf = T;+ was more loosely required not to he identified as kaon 

or proton for both decays. \Ve used all the tracks reconstructed in the silicon mi- 

crovertex (excluding those already assigned to the secondary vertex) to form all the 

possible vertices of the event with a confidence level greater than 1%: we then chose 

the primary vertex to be the highest multiplicity vertex within the target region. In 

order to reduce contamination from 0: semileptonic decays. we exploited the longer 

lifetime of the D+ and required a large significance of separation between the primar>- 

and the secondary vertex: I,/cr~ > 20 [lo], Li :e also constrained the secondary ver- 

tex to be outside the target region: besides helping to reduce contamination from 0: 

semileptonic decays, this requirement proved very effective in suppressing background 

from misidentified charm hadronic decays (discussed in further detail later). Back- 

ground from higher multiplicity semileptonic decays was suppressed by requiring the 

confidence level that an?. other track in the event (i.e. a track not already assigned 

to the primary or secondar)- \-ertex) originate from the secondary vertex be less than 



1W. For both the D+ + h yiD/~-v and D+ t ,oOp”+v decay candidates, we plotted 

the t\vo-hadron invariant mass -\I( h- h+) and looked for a signal at the mass of the 

parent vector meson: 77(892) or oO(‘i’iO). 

&‘e found that the background to the ,\I( h- h+) invariant mass distribution is ad 

eyuately described by a combination of three sources: other D+ and DQ semileptonic 

decays involving two pions. semileptonic decays of Do produced in D”+ decays. and 

charm hadronic decays. 

Both D+ and DS+ mesons decay semileptonically into several final st,ates con- 

taining two oppositely charged pions. which can therefore affect the _11(7;-~~) mass 

distribution of D+ --+ o”~+v candidates. Table I lists the decays which were con 

sidered in this analysis. Of all the background channels. the only ones which have 

been experimentally observed are those of DS+ into qjP547) and q’(!%%), for which 

C’LEO measured the branching ratios [ll]: ~~(($~~~~l/~ = 0:13 f 0.11 i 0.07 

and 4 = 1.24 % 0.12 f 0.13. Contamination from these decays was re- BR(D+ 

BR(D, --de+ u) 

duced by computing the inI-ariant mass of the three charged daughters of the de- 

cay and requiring 1.2 < A2/(~-7;+pf) < 1.8 G’EV/C’ for Df t Q’~+v candidates. 

1.0 < M(I~-~+~+) < l.S Gt.I’/c’ for D+ t To p+v candidates. Alonte Carlo stud- 

ies showed that this requirement almost completely removes any contribution from 

D+. D$ + q’p+u. q’ + q-I=? while suppressing contributions from D+. D$ t w+u 

and D+ t w’~+Y. The Db decays. which have shorter lifetime than the D+ decays. 

are further suppressed by- the out-of-target and L/~L > 20 requirements. 

Do pseudoscalar semileptonic decays originating from an excited D’+. such as 

D’+ t DOT+: Do + K-p+v and D*+ t DOT+. Do + ~-p+v . can also be a source 

of background if the soft pion from the D’+ is erroneously assigned to the secondary 

vertex. We found that these contributions can be completely eliminated by imposing 

a lower limit on the invariant mass difference M(h&7;+p(+)- Jl(h-p+) > 0.25 G’eV/c*. 



Finally. contamination from charm hadronic decays. n-here one of the hadrons 

is misidentified as a muon. was estimated with the following technique. !Ve ran the 

analysis algorithm on a subsample of the full data set: with identification requirements 

on the “p+” prong exactly opposite to our standard muon identification. Each entry in 

the histogram was weighted according to the momentum-dependent misidentification 

probability. The level of misidentification background was then boosted by the ratio of 

the charm yield in the total data sample relative to t,he charm yield in the subsample 

considered. 

In Figures 1 and 2 we show (as solid points) the invariant mass distributions 

A\I(1~-7r+) and M(K~;+) for D+ 4 r”p+v and Dt + o”ptv candidates. respec- 

tively. after all the analysis cuts are applied. To fit the data histograms. we used 

a binned maximum likdihood technique. For either the D+ 4 A 7optu or D+ + 

~“~~+v decay. the likelihood function was defined as: 

#bins s, 

C=J-JF. 

i=l 

where: 

s; = number of events in bin i of data histogram: 

12; = number of events in bin i of fit histogram . 

The fit histogram was composed of the following contributions: a signal term 

CD+ t r”ptu or Ds + o’/L+v). with shape given by the ILLIonte Carlo [12] and 

with the yield as a fit parameter: several terms for the charm scmileptonic back- 

grounds with shapes given by the 1lonte Carlo: and amplitudes which were estirnated 

with various techniques and then fixed in the fit; a term for the misidentified hadronic 

background, rnodelled with the technique described aho\-e and then fixed in the fit. 

Since the experimental conditions changed slightly between the 1990 and the 1991 

runs. we performed separate fits for the two periods. and then combined the results 



as independent samples. 

In the Ds + h -;“L~+u case. the fit histogram was constructed as: 

11, = Eh.*uvS1, + MS,, . 

where YK*~,, is the Df + To ptv yield (the only parameter of the fit): S’r; is the 

corresponding normalized Llonte Carlo shape. and M& is the amount of background 

from hadron/muon misidentification (for each histogram bin ). The two components 

of the fit to the data histogram are shown in Figure 1 with different hatching styles. 

The combined 1990+1991 yield for D+ + r”/l+v was estimated to be Y’j<wP. = 

33.3 f 22 events. 

In the Ds t o”p+v case. the fit histogram was constructed as: 

ni = YQp” S1; + M ,c,; + YA.*,,,, ~3; 

+ YvuLV 
1 
gz + 

BR(~ + T+“=J t(?jyu. 7r+T;-n,) -I- 

BR(Tj + 7; +r-77-Oj E(T~. T+x-~TO) 
5’;‘; 

I 
&AU 1 

+ 
t&w. K-K+) RR(0 -+ A-K+) x 

i 1 
A BR(q’ --+ -;gO) ~(7j’p+u. -,gO) s;, 

+ BR(q’ + ?/‘; +T;-) t(rj’pL+u. T)T+T-) .gi 

+ BR(7)’ i 7jT07r0) BR(7j + Ti+;;-TO) +fp+u. pT”7ro. T+7i-7r”) s;, 

+ BR(7f + ‘7’: O;;O) BB(r/ + 77+77-J) +++u. T,TOTO. i;+x-” : ) ,i’,~i ] 

+B. 
[ 

BR(q 4 T+i;-;;“) +/?p+u. T+7G”) ‘i’g 

+ BR(rj -+ ?r+T-;) t(7/p'+u. r+7;-7' ,&( 4 > 
where: I‘bPLV is the fitted yield for D+ -+ o”ptv: M is the background from 

misidentified hadronic decays: YA-,P, = l'Ii*pv 

c(h-*pv) t(K*~v --t QPV) is the background 

from D+ + ~=‘/L+v events where the kaon is misidentified as a pion by the 

i’erenkov counters: E’LPv is the fitted yield for D+ t qp v. 7 + ~+cz~: and all t 



the other terms (from the third line on) represent the residual contamination from 

the decays 0: --f V~LJ. DS+ + $pu, which was estimated using the branching ratios 

Jk BR(Df+e+u) 

BR(D:-cd v) 
and B = w *- measured by CLEO [II]. and reconstruct- 

ing the decay DS+ + dpv from E68’i data [14][1.5]. (In the above formula, t denotes 

a reconstruction efficiency and Bfi a branching ratio. j The final likelihood for the 

D+ -+ ,oOp+v histogram was defined as: 

f&” = {#gF} x UP{-; [Ag;,,“]2} x T{-; [B;oBo]2} 

to allow the two ratios A. 23 to fluctuate within the error around their measured values 

Ao. Bo. L depends on four fitting parameters: Y&,. E’h+,. A and B. The \yarious 

components of the fit are shown in Figure 2 (a)-(b) with different hatching styles. 

and the corresponding yields are reported in Table II. In particular. the combined 

1990+1991 yield returned for Df + g'p+v is I’&, = 39 f 9 events. Because of OUI 

low reconstruction efficiency for photons, we could not distinguish the decay D+ + 

o”p+v from the decay Ds t ~j'p+u. 7' + -,g": the fitted yield for D+ ---f g"p+v must 

therefore be considered in an inc/~.~ive sense. 

In Figures 3 (a)-(b) we compare the surviving Field as a function of the L/UL 

cut between the reconstructed data sample and the generated Monte Carlo sample. 

for both D+ + h ?‘p+v and Df + g”pc+v candidates: the good agreement between 

the two sets of points is a confirmation that the observed signals behave with the 

expected Ds lifetime [16]. 

\Ve used the fitted yields and the 1lonte Carlo computed efficiencies to measure 

the ratio of the branching ratios for the tivo decay channels D+ + _o”pc+v and Ds + 

r’p+v. Combining the 1990 and 1991 results as a weighted average. we found: 

BR (D+ + g'p+u) G&h4 

BR(D+ ir'p+v) = ~~h.*&(I<'pu. Ii-- + A-T+) 
Bf?(r-" + h-T+) 

= O.OT9 f 0.019. 
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where again the deca> mode at numerator must be considered in an inclusive 

sense [l’i]. The quoted statistical error in the branching ratio includes the effect 

of correlation between the D+ + li‘O/r+~ and Df 1 ~O/J~V fitted J-ields. 

Several analysis techniques kvere used to evaluate a possible bias in our measurc- 

ment (we notice that. because of the nearly identical topology of the tLvo decays 

D+ + Q’/L+V and D+ + To p+v. most of the systematic uncertainty should can- 

cel out when the ratio of the modes is taken). We found that the major source of 

s\-stematic uncertaint). originated from our choice of the technique used to fit the 

data histograms. In order to estimate this error. w1’c performed several reasonable 

x’ariations of the fitting process: we changed the bin size of the data histograms. 

we tried different mass ranges for the fit, we used different parametrizations for the 

background, and finally we let the hadron/muon misidentification background var! 

freely. instead of fixing it in the fit [18]. By statistically combining the results from 

the different fit variants. we computed a systematic uncertaint\- of 16.5’X. In order to 

investigate possible bias originating from specific analysis cuts. we divided the total 

data sample into two approximately equal, statistically independent subsamples. be- 

low and above a particular value of the cut. 1Ve performed the measurement for the 

two independent subsamples. and compared the results to the value obtained \v:ith 

the total data sample. X11 the split sample measurements were consistent with the 

yuoted value, thus giving no indication of systematic uncertainty from the particular 

choice of analysis conditions. Finally. we included a conservative systematic error of 

3 .jM on the branching ratio due to Cerenkov identification -. . All sources of systematic 

error were combined incoherently to obtain the total systematic error of 16.7(x,. 

In conclusion: we reported the first statistically significant observation of the 

vector meson Cabibho suppressed semileptonic decay Df + _o’/L+v. \$Te measured 

the following ratio of branching ratios of the decay mode D+ 4 ~“/L+v (+3 ) \vith 



respect to the decay mode D+ + r’p+v: 

BR (D+ i ,D’/L+v) 

BR (D+ -+ r’p+v) 
= 0.079 f 0.019 (stat) Zt 0.013 (syst) . 

In the future, larger samples ivill allow the measurement of the hadronic form factors 

involved in this decay and comparison to those of the Cabibbo-favored decay D+ - 

r”p+u. 

\Ve wish to acknowledge the assistance of the staffs of the Fermi Sational Acceler- 

ator Laboratory, the ISFN of Italy. and the physics departments of the collaborating 

institutions. This research was supported in part by the Sational Science Foundation. 

the U.S. Department of Energy. the Italian Istituto Nazionale di Fisica Nucleare and 

Minister0 dell’Universit2 e della Ricerca Scientifica e Tecnologica. and the Korean 

Science and Engineering Foundation. 
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TABLES 

TABLE I. Relative reconstruction efficienciesf for some I)+. DS+ semileptonic decays 

Decay D+ Db 

r”p+u 

_o”/.L+ u 

lixopfv. IC/r misid 

ll*+~* I - 7i+7i-ii0 

qp’u. 1 - 7r+7;--/ 

q’p’+u. 1’ - -,pO 

ql/l+uy, 1’ - q”f”-, 1 - x 

q’/l+Y. 1’ - qmOT-0. I- 7i+7i-To 

$/A+u. ‘I’ - q7i07ro. q - 7;+7;-7 

.d”p+u, ii 0 - 7i+7i-5T” 

1.35 

1 

0.01 

0.26 0.11 

O..iO 0.17 

1.00 0.40 

- 1o-3 rv 10-S 

- 1o-3 + 1o-3 

0.03 0.02 

0.31 

i For each decay channel. we quote the global reconstruction efficiency relative to 

the mode D+ -+ Q’~+u. after all the analysis cuts are applied (the average betiveen 

the 1990 and 1991 runs is taken). The difference in efficiency is due primarily to the 

mass cuts (D+ and DS+ modes) and the detachment cut (0: modes). 
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deGiJY 

TXBLE II. 1Yelds of different fit components 

1990 1991 go+91 

Df - TOpfv 228.8 * 16.2 213.2 i 1.5.3 443.0 f 22.3 

D+ - p"p+u 16.1 f 6..5 23.0 f 6.3 39.2 zt 9.0 

D+ - r’p+v, 1i/7; misid 7.9 i 1.0 6.2 f 0.9 14.1 f 1.3 

D; - ?fp+u. rf - -1 Q0 2:l * 0.9 1.X f 0.6 4.2 i 1.1 

D$ - qp+v. 7 - ir+7r-7i” 1.6 i 0.4 1.2 It 0.3 2.8 f O..j 

0,’ - T#l+lJ. T) - 7i+r-y! O.-j z!c 0.1 0.3 f 0.1 0.9 i 0.1 

D+ - T/p+u, q - 7i+tii-To 3.0 It 2.3 3.; It 2.1 6.7 f 3.1 

D+ - rjy+u. 17 - 7i+?;--; 1.1 f 0.9 1.6 5 0.9 2.7 f 1.3 
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ulate possible contamination from partially reconstructed decays D+ t ~*;OP+I/. 

This technique allowed us to include the effects of possible low dipion mass back- 

grounds as part of a controllable systematic error. 

I9 D. Scora and S. Isgur. C’EBXF-TH-S-1-14. HEP-PH-9.5034S6 (1994) 2. 



FIGTlRES 

FIG. 1. ,V(Ai-7i+) invariant mass reconstructed from D+ - 77°p+r/ decay candi- 

dates (1990 and 1991 data are combined). The points are the data. the solid line is the 

total fit. the various fit components are represented with different hatching styles. 

FIG. 2. M(jr-7i +) invariant mass reconstructed from D+ - _n”/lfv decay candidates 

(1990 and 1991 data are combined). The points are the data. the solid line is the total fit. the 

various fit components are represented Ivith different hatching styles. The fit components 

are shown in two separate histograms for better presentation. 

FIG. 3. Surviving yield as a function of the L/UL cut for D+ - r”l-(+r/ (a) and 

D+ - ,n”pLfv (b) reconstructed decay candidates. In both cases. the data points (black) 

match Lvell the lifetime evolution expected from a D + Jlonte Carlo signal (white). The ttvo _ 

sets of points are normalized at L/cr~ > 20. 
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FIG. 1. M(K-r+) invariant mass reconstructed from D+ - r”pfv decay candi- 

dates (1990 and 1991 data are combined). The points are the data, the solid line is the 

total fit, the various fit components are represented with different hatching styles. 
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FIG. 2. M(s-r+) invariant mass reconstructed from D+ - Q*~+Y decay candidates 

(1990 and 1991 data are combined). The points are the data, the solid line is the total fit, the 

various fit components are represented with different hatching styles. The fit components 

are shown in two separate histograms for better presentation. 
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FIG. 3. Surviving yield as a function of the L/ar; cut for Df -, ~*P+v (a) and 

D+ -. Q*~+v (b) reconstructed decay candidates. In both cases, the data points (black) 

match well the lifetime evolution expected from a D + Monte Carlo signal (white). The two 

sets of points are normalized at L/~L > 20. 
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